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We studied the evolution of the photoluminescence (PL) spectra in modulation-doped GaAs-based hetero­
structures (single quantum wells and heterojunctions) at TL =1.2 K under a high magnetic field B (up to 33 T), 
which was applied parallel to the two-dimensional electron gas (2DEG) layer. Under low in-plane fields, B|
<  7 T, the radiative recombination of the photoexcited hole with the 2DEG gives rise to a broad PL band that 
shifts quadratically with B | . This band transforms into a narrow PL line whose peak energy E  shifts linearly 
with B| in the range of 10-33 T. The slope of the linear E(B) dependence was measured as aex 
= 0.77±0.02 meV/T in all the studied structures. The same linear slope is also measured in the PL spectra of 
bulk, undoped GaAs under high B . We thus attribute the sharp PL line observed in the doped heterostructures 
to magnetoexcitons that are photogenerated outside the 2DEG layer by a geminate formation process. The 
slope of the magnetoexciton energy dependence on B | is compared with that measured for unbound-electron- 
hole Landau level transitions under a perpendicular B±. The ratio of the measured slopes, aex/ a0 — 0.8, is 
found to be equal to the ratio of the reduced excitonic mass to the reduced cyclotron mass of GaAs.
DOI: 10.1103/PhysRevB.76.075344 PACS number(s): 78.55.-m , 71.35.- y
I. INTRODUCTION
The radiative recom bination of a two-dim ensional elec­
tron gas (2DEG) with photoexcited free holes in modulation- 
doped heterostructures [quantum  well (M DQW ) and single 
heterojunction (SHJ)] under a perpendicularly applied m ag­
netic field B l gives rise to the photolum inescence (PL) 
(2De-h PL) spectra that contain valuable spectroscopic infor­
mation on the 2DEG m any-body interaction, particularly in 
the quantum  Hall effect regim e.1-4 The existing theoretical 
models for the 2De-h PL consider the recom bination of the 
two-dim ensonal (2D) electron with a valence hole that is 
separated by a distance of d0 from the 2DEG layer.5 All the 
dynam ical processes, namely, photoexcitation, space-time 
evolution of the holes, as well as an exciton formation, are 
ignored.
The im portance of dynam ical processes in photoexcited 
heterostructures containing a 2DEG was manifested in the 
resonant enhancem ent o f inelastic light scattering by the 
2DEG when the photon energy is resonant with quantum ­
well excitons having energies higher than the Ferm i energy.6 
Dynam ical processes also control the occupation of photoex­
cited states and give rise to the coexistence of several high- 
energy PL lines in the low-tem perature m agneto-PL spectra 
o f M DQW s at electron filling factors v <  1.3 A nother case is 
a rem arkable transform ation of the excitonic recom bination 
spectrum  in high-quality m odulation-doped SHJs to 2De-h 
PL spectrum  that occurs with increasing B l (at v <  2).2,4 
This was explained by the dissociation of the excitons, gen­
erated in the thick GaAs layer, at the 2DEG interface with
subsequent free hole recom bination with the 2D electrons.4 
Under low m agnetic field applied parallel to the SH J’s inter­
face (By— 1 - 2  T), 2De-h PL intensity enhancem ent and 
spectral modifications were discovered and explained by a 
free hole spatial redistribution .7
A t B  =  0, an electron and a hole photogenerated at the 
same point o f space (geminate e-h) are instantly separated 
since they have m om enta that are equal in m agnitude and 
opposite in direction. Then, the hole can recom bine with a 
2D electron or bind an electron by the bim olecular exciton 
formation m echanism .8 An applied m agnetic field strongly 
affects the m otion of the photoexcited charge carriers and 
their spatial distribution at rather low B .9 A t high B, the 
exciton binding energy significantly increases.10,11
In the present paper, we report on the effect o f a high 
m agnetic field, applied parallel to the 2DEG plane 
(By <  33 T), on the photoexcited system dynam ics which, in 
turn, affects the PL spectrum  of m odulation-doped hetero­
structures. In all the structures studied here, a transformation 
is observed from a broad 2De-h PL spectrum  at low B| 
<  7 T (reported in our previous study7) to a narrow PL line 
at high B | . The peak energy of this line shifts linearly with B  
above 10 T. The slope of the linear E(B) dependence was 
m easured as a ex= 0 .77± 0 .02  m eV /T  in all the studied 
samples. We attribute this PL line to magnetoexcitons that 
are photogenerated outside the 2DEG layer by a gem inate 
formation process.
The paper is laid out as follows. Section II details the 
experim ental procedure followed (in Sec. III) by the experi­
m ental results. In Sec. IV, we discuss the effects o f B | on the
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2De-h PL spectra in M DQW s and SHJs. In Sec. V, geminate- 
exciton formation under a high m agnetic field is considered. 
The dependence of the m agnetoexciton energy on B y is com ­
pared with that o f the low est Landau transitions between 
conduction and valence subbands under B ± and is analyzed 
in Sec. VI.
II. EXPERIMENTAL DETAILS
Several M D Q W  and SHJ G aA s/A lG aA s samples were 
studied, all grown along the (100) direction by molecular 
beam  epitaxy. The M D Q W  samples contain a single quantum 
well of various widths (44, 25, and 20 nm), and the SHJ 
samples have a thick GaAs buffer layer (width of 1 ^m ). 
The n-type ¿-doped layer is separated from  the interface by 
an undoped AlGaAs layer (widths of 5 0 -1 0 0  nm). The 
2DEG density range was n2D = (0 .7 -2 .5 ) X 1011 cm-2 and the 
2DEG m obility was /xe = ( 2 -5 )  X 106 cm 2/V  s at 2 K. A  Ti- 
sapphire laser illum inated the sample, and the incident light 
intensity (photon energy of 1.58 eV) was kept below 
10-2 W /cm -2. A  single optical fiber was used for photoexci­
tation and PL collection from the sample. The sam ple was 
mounted in a cryostat and was im m ersed in liquid 3He at 
tem perature of TL = 1 .2  K. The cryostat was placed in an 
electrom agnet producing a magnetic field that reached a 
m axim um  value of 33  T. The sample plane (the 2DEG layer) 
was parallel to By, while the photoexciting laser beam  and 
the outgoing PL were directed perpendicularly to the sample 
plane. The PL was m easured with a spectrom eter equipped 
with a cooled charge coupled device, and the spectral reso­
lution was ~ 0 .1  meV.
III. EXPERIMENTAL RESULTS
Figure 1 (a) shows a series of PL spectra m easured at in ­
creasing By for the 44-nm -w ide M D Q W  (n2D=1 
X 1011 cm-2). The panel on the left hand side displays the PL 
spectra at the low-By range. A t B  = 0, a typical 2De-h PL 
spectrum  of M D QW s is observed.3 The PL intensity reaches 
a m axim um  at the low-energy side (Eg), and it vanishes at 
E = E g+ E f  (Ef  is the 2DEG Ferm i energy). Thus, the PL 
bandw idth is o f 3.6 meV. As By increases to 8 T, the spec­
trum  transforms into an asymmetric PL band w ith its m axi­
m um  intensity at the high-energy side showing a blue non­
linear (diamagnetic) shift.7
For By >  9 T [right panel o f Fig. 1(a)] , the PL spectrum  is 
dom inated by a narrow line (width < 0 .5  meV) w hose peak 
energy dependence on B, E(B), is plotted in Fig. 1(b) (open 
circles). It is well approxim ated by a linear dependence with 
a slope of 0.79 m eV /T  (dashed line). The integrated PL in ­
tensity (J) is also shown in Fig. 1(b) (crosses). It varies little 
(< 2 5 % ) in the range of 0 -3 3  T. A  sim ilar PL behavior was 
observed for all the studied M DQW s; however, the By values 
at which the linear E(B) dependence starts are higher for the 
narrower (25 and 20 nm  wide) M DQW s.
Figure 2 shows a sim ilar series of the PL spectra obtained 
with the SHJ sample having n2D= 1.5 X 1011 cm -2. The main 
difference between the SHJ and M D Q W  spectra is clearly 
seen in the low field range, By <  3 T. A t B  = 0, the SHJ spec­
Photon energy (eV)
Magnetic field (T)
FIG. 1. (a) PL spectra of the 44-nm-wide MDQW under an 
in-plane magnetic field. The left panel shows the low field range 
spectra (By < 7 T), and the right panel those for higher By. (b) The 
PL peak energy dependence on By is shown by open circles, and the 
dashed line is the fitted straight line. The dotted line shows the B ± 
dependence of the energy of the lowest electron-hole Landau tran­
sition. The crosses are the integrated PL intensity J  (in arbitrary 
units) dependence on By.
trum  consists o f two narrow excitonic lines that originate in 
the 1 -^m -th ick  GaAs buffer layer: the high-energy line is 
due to free excitons and the low-energy one to localized 
excitons. The very weak, broad band below  the excitons 
(marked 2De-h PL) is due to the radiative recom bination of 
the 2DEG with itinerant photoexcited holes.4 [The recom bi­
nation channels that give rise to the various PL bands are 
schem atically depicted in Fig. 5(a)] . The intensity of the 
2De-h PL at B  = 0 is very low (in SHJs having n2D >  1 
X 1011 cm -2), because the strong built-in electric field E hj 
accelerates the holes away from  the G aA s/A lG aA s interface 
where the 2DEG form s.12
A rem arkable modification of the SHJ PL spectrum  upon 
applying a low in-plane field (By <  4 T) is seen in left panel 
of Fig. 2 . W ith increasing B y, the 2De-h PL intensity in­
creases while the excitonic PL intensity diminishes. The 
spectrum transforms into a strongly asymmetric band w ith its 
m axim um  at the high-energy PL side, and the excitonic lines 
are hardly seen.7 W ith further field increase (By >  8 T, right 
panel o f Fig. 2), the PL spectrum  narrows and becom es sym-
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Exciton PL
Single HJ, n2D=1.5x1011cm-2, TL=1.2K
Photon energy (eV)
FIG. 2. PL spectra of a SHJ under in-plane B . The low-field 
spectra (left panel) show a transformation from the excitonic PL to 
2De-h PL occurring at By < 3 T. At higher By (right panel), the 
2De-h PL band transforms into a geminate-exciton PL line.
metric. The PL peak energy shows an E(By) dependence that 
is sim ilar to that o f the MDQW . Similar PL evolution with B y 
was observed for several other SHJ samples that were stud­
ied here.
Since the SHJs contain a 1-^m -thick, undoped GaAs 
buffer layer, w e found it beneficial to com pare their 
magneto-PL spectra under B y with those of a bulk, undoped 
GaAs layer (10 ^m -thick). F igure 3 (right panel) displays 
some m agneto-PL spectra o f this GaAs layer, observed at 
several B  values. A t B  = 0, the spectrum  consists of free (FE) 
and bound exciton PL lines,12 and as B  increases, the free 
exciton line dominates the spectrum. Under high fields 
(B >  15 T), it splits into two lines. The peak energy E  depen­
dence on B  (of the free exciton line and of the center of 
gravity for the two split lines) is plotted in Fig. 3 (open
circles). This curve is fitted with a quadratic (diamagnetic) 
exciton shift for B  <  7 T, and at higher fields, it is well ap­
proxim ated by a linear function with a slope of 0.77 m eV /T  
(solid line).
In Fig. 4(a), we com pare representative PL spectra o f two 
SHJs having different n2D, m easured at By = 6 and 26 T, with 
those of the undoped GaAs sample. The SHJ spectra show 
sim ilar shifts as those of the undoped GaAs sample, but the 
latter has im purity-bound exciton bands, which are lacking in 
the former. Also, the PL line of the SHJ with higher n2D is 
observed at lower energy than that of the lower density SHJ, 
and both are still lower than the GaAs free m agnetoexciton. 
The E(B) dependence of these three samples is com pared in 
Fig. 4 (b ). In the low-B range [inset o f Fig. 4(b)], the E(B) 
dependencies for the SHJs follow the diamagnetic shift of 
free (bound) excitons of bulk GaAs (at B <  4, the FE peak 
energies coincide for all three samples). As the excitonic PL 
lines in the SHJs are transform ed into the 2De-h PL band, the 
PL peak energy in the range of 2 - 1 0  T shows a diamagnetic 
shift, which is weaker than that o f the free exciton.
In the range of 1 0 -3 3  T, the PL line positions of the 
studied SHJs samples m ove alm ost in parallel to that o f the 
bulk FE line. All E(B) dependencies are approxim ated by 
straight lines with a slope of 0 .77±0.02  m eV /T . The energy 
differences between the E(B) line for the SHJs and the bulk 
GaAs sam ple are —1 meV [for SHJ(a), low n2D] and 
—2 meV [for SHJ(b), high n2D] as seen in Fig. 4 (b). It is 
im portant to notice that the integrated PL intensity J  varies 
only slightly in the entire range of 0 - 3 3  T.
IV. 2De-h SPECTRAL CHANGE UNDER IN-PLANE 
B  <  10 T
Before discussing the PL spectra that are observed under a 
high in-plane m agnetic field in various m odulation-doped 
heterostructures, we briefly review  the physical model o f a
Magnetic field (T)
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FIG. 3. PL spectra of an un­
doped, bulk GaAs sample (right 
panel). The most intense line is 
the free exciton, and its energy de­
pendence on magnetic field, E (B), 
is presented by open circles. Line 
fittings are shown: exciton dia­
magnetic shift at low B and a lin­
ear shift at high B .
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FIG. 4. (a) The PL spectra of two SHJs having different n2D and 
an undoped, bulk GaAs sample at two B| values. (b) The PL peak 
energy dependencies on B for these samples. The inset shows the 
low-B|| range.
2DEG subjected to a built-in electric field Ezhj and an in ­
plane m agnetic field B |  (see Fig. 5) . This crossed field con­
figuration causes an electron drift in the y  direction, and it 
leads to a shift of the electron subband m inim um  to high 
wave vectors kyB and to an increase in the in-plane electron 
effective mass (in the y  direction).13- 15
We reported recently on the effect of an in-plane magnetic 
field on the 2De-h PL spectra of heterostructures in the range 
of By <  7 T. The 2De-h PL spectral modifications with in ­
creasing By were then explained by invoking direct optical 
transitions in an indirect band gap structure that results from 
the shift in k  space of the conduction and valence subbands 
by kyB= d0/LB  [as shown schematically in Fig. 5(b)] . Here, d0 
is the 2De-h spatial separation and L B is the magnetic length. 
In addition, the 2DEG Ferm i energy decreases due to the 
electron effective mass increase. For such an indirect band 
gap structure, the direct optical transitions giving rise to the 
same em itted photon energy involve the conduction- (and 
valence-) band states of various energies (according to the 
m om entum  and energy conservation laws). This is in contrast 
to the optical transitions occurring in the direct band gap 
structure (e.g., at B  = 0), and thus, a dram atic modification of 
the 2D e-h spectrum is caused by applying in-plane By.7
o
CO
'oX0
o
o-C
(b)
p b
- k T
FIG. 5. (a) The physical processes in photoexcited single het­
erojunctions; p(z) is the photohole distribution. (b) Schematic of the 
2De-h recombination in the indirect band gap formed in the pres­
ence of a high in-plane B .
The PL spectra for the 44-nm -w ide M D Q W  [Fig. 1 (a), 
left panel] show spectral modifications similar to those pre­
viously studied for the 25-nm -wide M DQW .7 However, the 
PL transform ations for the 44-nm -w ide M D Q W  are observed 
at lower B y, and this is due to larger electron-hole separation 
since kyB ^  d0-By. M oreover, the 2De-h PL band in the studied 
sam ple significantly narrows from  3.6 meV (B = 0) to 
0.9 meV at 7 T. Such a narrowing at large kyB was also ob­
tained in the developed m odel.7
In SHJs, the in-plane magnetic field causes spatial redis­
tribution of the photoexcited holes, in addition to the band 
gap modification discussed above. Electrons and holes (e-h) 
are photoexcited across the whole 1 -^m -w ide undoped 
buffer GaAs layer. The photoexcited holes drift in the 
built-in electric field E hj formed by the positive charged do­
nors in the AlGaAs barrier. A ssum ing hom ogeneous e-h pho­
togeneration in the GaAs layer with a rate G, a steady-state 
spatial distribution of free holes along the z  axis, p(z), in the 
presence of the constant E hj, can be obtained from the equa­
tion
G  -  p /r +  fxEhj(dpldz) = 0, 
and its solution is as follows:
p(z) = G 7 [ e x p (z D  -  1].
(1)
(2)
Here, t  is the hole lifetim e and L E = ^ r E hj is the drift 
length ( ^  is the hole mobility). The expected spatial distri­
bution of the itinerant holes is schem atically drawn in Fig.
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5(a). A t large z, p(z) decreases since E hj decreases and the 
binding of e-h pairs into excitons becomes important. It is 
evident that such a hole distribution results in a low 2De-h 
PL intensity and an intense GaAs exciton PL as is seen in the 
PL spectrum  shown at B  = 0 in Fig. 2 .
As the in-plane B y increases, the distance between the 
itinerant photoholes and the 2De decreases. Indeed, the hole 
exhibits a cycloidal m otion along the y  axis, and the hole 
drift in the z  direction is suppressed. This results in the hole 
density redistribution that is schematically shown in Fig. 
5(a), and the 2De-h PL intensity increases at the expense of 
the bulk excitonic PL.
In contrast to the M DQW s, however, the 2De-h PL of 
SHJ consists o f the radiative recom bination of the 2De-h 
pairs that have various spatial separations d b and therefore, it 
is a sum of spectra corresponding to various kyB= d ,/ L 2B. U n­
der B y, this gives rise to the distinct 2De-h PL spectrum  that 
has a long low-energy tail (for example, as seen in Fig. 2  at 
4 T).
A t high B y ( > 8  T), the PL line of both SHJ and M DQW  
samples significantly narrows [Figs. 1 (a), 2 , and 4(a)] . The 
E (B ) dependence of this line becomes linear and can be char­
acterized by nearly the same slopes for all the studied 
samples.
The nature of the narrow PL lines appearing at high B y 
must be different from the 2De-h recom bination. A t B y 
>  8 T, the conduction and valence subbands are shifted in k  
space by a kB value that exceeds the Ferm i wave vector kF, 
and the highest kinetic energy of the hole participating in the 
direct optical transition [see Fig. 5(b)], e h= [h(kB 
- kF)]2/2 m h, increases with By. However, the occupation of 
these states exponentially decreases if  the photoexcited holes 
have a therm alized Boltzm ann distribution near the top of the 
valence band. Thus, at TL =1.2  K, only a few photoexcited, 
nontherm alized holes can participate in the direct optical 
transitions with the 2DEG, and the radiative lifetim e would 
greatly increase w ith B y. It would result in a strong PL 
quenching at high B y in the presence of any nonradiative 
recom bination channels.
A  sim ilar PL quenching was observed in the spatially in ­
direct exciton PL of double quantum -well structures under an 
in-plane B .16 However, no reduction in the integrated PL 
intensity with B y up to 22 T  was recently detected in similar 
double QW  structures.17 This fact was explained by a better 
sample quality and introducing a localized exciton recom bi­
nation m echanism  that relaxes the w ave vector conservation 
for the indirect exciton radiative recombination.
In the studied M DQW s and SHJs, the integrated PL in ­
tensity does not quench by the high B y [up to 33 T, Fig. 
1(b)] . We cannot attribute this to any localization since the 
radiative recom bination of localized holes w ith the 2DEG 
would result in a broad 2De-h PL band (as was observed in 
Ref. 18), in contradiction with the experim ental results in 
Figs. 1 and 2 . We explain the observed spectral PL evolution 
in M DQW s and SHJs under high By (Figs. 1- 4 ) by a change­
over of the 2De-h radiative recom bination into the PL of 
free, gem inate-form ed excitons.
V. GEMINATE-EXCITON FORMATION UNDER STRONG 
MAGNETIC FIELD
In the previous discussion of the 2De-h PL modification 
induced by a m agnetic field, it was assumed that an electron 
and a hole photogenerated at the same point of space (gem i­
nate e-h) are instantly separated, and then, the hole can re­
com bine with the 2DEG. The gem inate electron and hole 
m oving in opposite directions lose their mutual m em ory (and 
thus becom e unbound) after a tim e interval o f 0. This tim e 
can be estim ated using the model of electron capture by an 
attractive center (hole).19 In this model, the electron is cap­
tured if it loses the energy of kT L being in the sphere of 
radius R T = e /  KkTL surrounding the hole ( k  is the dielectric 
constant).
A t B  = 0, the gem inate e-h pair will be separated by a 
distance of R T for 0=R T/ V  ~  10-11 s (taking a relative veloc­
ity o f V ~  107 cm /s  and TL= 2  K). This tim e is much shorter 
than the energy relaxation tim e due to electron-phonon scat­
tering, t s  — Tm(kTL/4 m es2) ~ 5  X 10-10 s.20 Here, s is the 
sound velocity and Tm ~  4 X 10-11 s is the m om entum  relax­
ation tim e for electrons having m obility above 106 cm2/V  s. 
Since 0<  Te, the gem inate e-h pair does not directly form an 
exciton and is separated. Thus, the 2De-h recom bination
takes place before the slow-acting bim olecular exciton for-
8 21m ation occurs.8,21
Under a high m agnetic field, the gem inate-exciton form a­
tion process controls the PL of semiconductors. The im por­
tance of gem inate recom bination was considered in several 
theories,9,22 in connection with the observed enhancem ent of 
PL intensity23 and Ram an light scattering efficiency24 under 
a m agnetic field.
We propose that the observed PL spectral evolution under 
high magnetic fields (Figs. 1- 4 ) is due to a transform ation of 
the 2De-h PL into the PL of gem inate-form ed magnetoexci- 
tons.
In the plane perpendicular to the m agnetic field, the pho­
togenerated electron and hole m ove on the same circular or­
bits and in the opposite directions (or on close cycloids in the 
case of E zhj and B |). Their separation in this plane occurs by 
a diffusion process with a coefficient D = r2B/  Tm, where rB is 
the cyclotron radius.20 The gem inate electron-hole pair con­
serves their mutual m em ory during a tim e of 0 = R 2T/D  
= (Rt / rB)2Tm. A t B >  5 T, 0 is o f the order of 10-7- 1 0 -6 s, 
and 0>  Te. Thus, the gem inate electron and hole lose energy 
and bind into an exciton before they are separated (the gem i­
nate pair m oving parallel to B , in general, will be separated). 
It is worth noting that the gem inate-exciton formation 
mechanism  is m ost im portant for polym ers and sem iconduc­
tors having low  carrier m obility where gem inate pairs are 
slowly separated even in the absence of B .25
Thus, we attribute the narrow PL lines emerging in all 
M DQW s and SHJs under high B  to free, gem inate-formed 
m agnetoexcitons. The w eak integrated PL intensity depen­
dence on B y m easured in all the studied samples [Fig. 1 (b)] is 
also explained by the transform ation of the indirect in 
k -space 2De-h PL to the gem inate-form ed free magnetoexci- 
ton PL. This underlines the im portance of the dynam ical pro­
cesses in controlling the PL spectrum. Geminate-formed 
magnetoexcitons also play an im portant role in the interpre­
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tation of the spectral PL evolution that was extensively stud­
ied under B ± .1-4
VI. FREE EXCITONS UNDER A HIGH MAGNETIC FIELD
In the range of By = 1 0 -3 3  T, all the studied GaAs-based 
structures exhibit a linear E (B y) dependence with the same 
slope, a ex= 0 .77± 0 .02  m eV /T  (Figs. 1- 4 ) . For the SHJ 
samples subjected to a perpendicularly applied field B ±, the 
high-energy PL line (free exciton PL) has an E (B ±) depen­
dence which is sim ilar to that of E (B y), while the low-energy, 
2De-h PL line shows a different E LL(B L) dependence.4 The 
latter is determ ined by the shift o f the lowest-energy 
electron-hole Landau transition E LL w ith increasing B L.
In M DQW s subjected to B ±, the main (lowest energy, 
2De-h) PL line follows the E LL(B ±) dependence at low B ± 
(at filling factors v >  2). A t higher B ± (above ~ 1 0  T), exci- 
tonlike lines (charged and neutral excitons) dom inate the PL 
spectrum  of GaAs-based M DQW s (having n2D ^  2 
X 1011 cm-2). Their E (B ±) can also be approxim ated by a 
nearly linear dependence that has the same slope of 
0 .77±0.02  m eV /T .3,26
Such a universal linear E(B) dependence of the geminate- 
formed exciton PL line observed at high B  deserves special 
consideration. Its slope a ex is likely to be an im portant inher­
ent param eter which is determ ined by the B  dependence of 
the exciton binding energy SEX(B), since E(B) = ELL(B) 
- S E X(B).
For an unbound electron-hole pair, the energy of the op­
tical transitions between the lowest Landau levels o f the con­
duction and valence subbands varies as
E ll(B ±) = E g0 + (1 /2 )(h e /cp c)B L, (3)
where E g0 is the band gap energy at B  = 0 and ¡lc 
= m em h/ (me + m h) is the reduced electron-hole cyclotron ef­
fective mass. In the approxim ation of simple, parabolic con­
duction and valence bands,27 the slope of the linear E LL(B ±) 
dependence is a 0 = (1 /2 )(h e / c ^ c) = 0.96 m eV /T  for electron 
and hole cyclotron effective masses of bulk GaAs, me 
= 0.068 m0 and m h=0.52 m0.28 For a 20-nm  QW, a 0 
= 1.02 m eV /T  (for m h=0.35 m0).29
The dotted line in Fig. 1(b) shows the E (B ±) dependence 
of the lowest electron-hole Landau level transition for the 
44 nm  MDQW . From  this line, we get a 0 = 0.96 m eV /T , and 
thus f i c=0.06 m0. This determ ines the hole cyclotron mass 
value of —0.52 m 0.
The obtained E(B) dependence for the gem inate-form ed 
exciton PL suggests that the magnetoexciton binding energy 
8EX depends almost linearly on B  in the range of 1 0 -3 3  T. 
The SEX(B) dependence was analyzed in several theoretical 
approxim ations.10 For sim ple band structures, these theories 
do not predict a linear E(B) [or SEX(B)] dependence in the 
range of
y  = a0B /SE X(0) = [fi3 K2/ ( ^ 2cei c)]B  ~  2 - 7 ,  (4)
w hich corresponds to the B  range of 1 0 -3 3  T at f ic 
= 0.06 m0 and k =  13.
Subsequent theories (see references in Ref. 11) took into 
account the com plexity of the GaAs valence band, and the
analysis of the E (B ) dependence was usually perform ed by 
using the theoretically calculated B  dependence of several 
fitting param eters of the GaAs valence band.11,30
The universal E (B ) dependence for the exciton PL peak 
observed for all the studied GaAs-based structures can be 
presented as E(B) = E s + a eXB, where E s is the energy extrapo­
lated to B  = 0, and an “excitonic” slope is introduced as fol­
lows:
«eX = « 0 ^ 0/ ^ .  (5)
From  the m easured a eX/ « 0 ratio of —0.8, we get f i0
— 0.046 m 0. Remarkably, this value coincides with the re­
duced excitonic mass ^ -1 = m-1 + (mh)-1 that defines the ex­
citon Bohr radius.11,31 Here, msh is the hole effective mass in 
spherical valence-band approxim ation. Thus, the sim ple em ­
pirical expression [Eq. (5)] describes well the PL exciton 
energy behavior under a high m agnetic field.
A t low B ( y <  1), the E(B) dependence shown in Fig. 3 is 
described by the expression for the excitonic diamagnetic 
shift obtained by perturbation theory: E (B )= Eg0 
+ AEX[0.5y2- 1 ]  (see p. 202 in Ref. 11) . The dependence 
shown by the dotted curve in Fig. 3 fits well the experim ental 
data at B <  7 T with the y  value [Eq. (4)] calculated for the 
cyclotron ¡xc value, while the exciton binding energy is 
A E X = e4^ 0/2 h 2K2=4.2  meV using the /jl0 value. Thus, the 
m agnetoexciton energy dependence in the entire B  range is 
obtained by two simple, em pirical expressions that use three 
well-known GaAs param eters, ^ 0, Pc, and k .
As seen from Fig. 4 , the E (B y) dependence for the 
gem inate-form ed excitons in the SHJs shifts to lower energy 
w ith increasing the 2DEG density. This can be explained 
invoking a shallow well for the excitons that is formed near 
the interface with the 2DEG in the SHJs.32 Due to the 
built-in electric field gradient, the excitons photoexcited in 
the GaAs buffer layer drift to the higher E hj region and are 
localized in the well. Gem inate-form ed excitons are likely to 
occupy this well, and the localization energy increases as E hj 
becom es higher (for increased n2D); thus, the exciton PL 
peak shifts to low energy.
VII. CONCLUSIONS
The effects of a m agnetic field, applied parallel to the 
2DEG layer, on the low-tem perature photolum inescence 
spectrum of m odulation-doped, GaAs-based heterostructures 
(single quantum  wells and heterojunctions), are studied for 
By up to 33 T. A t By <  7 T, the rem arkable changes of the 
2DEG free hole PL spectra are due to the B y-induced direct- 
indirect band gap transform ation.7,13,14
A t B y >  10 T, the PL spectrum  observed in all the studied 
m odulation-doped heterostructures as well as undoped, bulk 
GaAs consists of a narrow PL line whose peak energy E  
shifts linearly with B . We attribute this sharp PL line to mag- 
netoexcitons that are photogenerated by a gem inate form a­
tion process.
The linear E (B ) dependence of the gem inate-form ed
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magnetoexcitons is characterized by a universal slope of 
a ex=0 .77± 0 .02  m eV /T . It is different from  that of unbound- 
electron-hole Landau level transitions under a perpendicular 
B. The ratio o f these slopes ( a ex/ a 0 — 0.8) is equal to the 
ratio of the reduced excitonic mass to the reduced cyclotron 
mass, / i0/ o f  GaAs. We show that two simple, empirical 
expressions based on three well-known GaAs param eters /jl0, 
f ic, and k , allow us to describe the magnetoexciton energy 
dependence in the entire B  range.
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